Mutants of wild-type Streptococcus pneumoniae IID553 with mutations in parC were obtained by selection with trovafloxacin, levofloxacin, norfloxacin, and ciprofloxacin. All of the parC mutants were cross-resistant to the selecting agents but were not resistant to gatifloxacin and sparfloxacin. On the other hand, gyrA mutants were isolated by selection with gatifloxacin and sparfloxacin. The gyrA mutants were cross-resistant to gatifloxacin and sparfloxacin but were not resistant to the other fluoroquinolones tested. These results suggest that in wild-type S. pneumoniae the primary target of trovafloxacin, levofloxacin, norfloxacin, and ciprofloxacin is topoisomerase IV, whereas the primary target of gatifloxacin and sparfloxacin is DNA gyrase.
Streptococcus pneumoniae is one of the most important pathogens and is responsible for community-acquired pneumonia, acute otitis media, and meningitis. Recently, the worldwide prevalence of penicillin-resistant S. pneumoniae has become a serious problem in clinical settings. In such situations, the use of classes of antibiotics other than ␤-lactam antibiotics, such as fluoroquinolones, has become necessary. Recently, antipneumococcal fluoroquinolones such as sparfloxacin, trovafloxacin, and gatifloxacin have been developed. The mechanisms of action of these fluoroquinolones against S. pneumoniae are under investigation (8, 10, 13, 14, 17) .
DNA gyrase and topoisomerase IV (topo IV) serve as targets of the fluoroquinolones in bacteria. Topo IV and DNA gyrase are thought to be essential for DNA replication and the partition of replicated chromosomal DNA, respectively. Fluoroquinolones inhibit these enzyme reactions and then show antibacterial activity. DNA gyrase is known to be a primary target of fluoroquinolones in Escherichia coli. In contrast, topo IV seems to be a primary target of many fluoroquinolones in some gram-positive bacteria such as Staphylococcus aureus (4-7, 11, 18) and S. pneumoniae (8, 10, 13, 17) . A recent study has indicated that the primary target of sparfloxacin, one of the antipneumococcal fluoroquinolones, seems to be a DNA gyrase in S. pneumoniae (14) . These observations suggest that different fluoroquinolones can have different primary targets in S. pneumoniae. However, little information regarding the primary targets of the fluoroquinolones exists. In the study described here, we genetically determined the presumed primary targets of various fluoroquinolones, including those of the antipneumococcal fluoroquinolones sparfloxacin, gatifloxacin, and trovafloxacin, and studied the activities of these agents against target-altered mutant strains of S. pneumoniae.
Quinolone-resistant mutants of quinolone-susceptible wildtype S. pneumoniae IID553, which was obtained from the Japanese Society for Bacteriology, were isolated by selection. The mutants were selected on Mueller-Hinton agar plates with 5% defibrinated horse blood. Each plate contained 2ϫ, 4ϫ, 8ϫ, 16ϫ, and 32ϫ the MICs of gatifloxacin, trovafloxacin, sparfloxacin, levofloxacin, ciprofloxacin, and norfloxacin, which were synthesized at Kyorin Pharmaceutical Co., Ltd., Tokyo, Japan. If no mutant was obtained by selection with these concentrations of the agents, the mutants were selected with 1ϫ the MIC of the agents. The plates used for selection were incubated for at least 48 h before the plates were scored for the number of bacterial colonies.
The frequencies of selection of mutant strains are presented in Table 1 . Resistant mutants were obtained by selection with 16ϫ the MIC or lower concentrations of sparfloxacin, 4ϫ the MIC or lower concentrations of trovafloxacin, ciprofloxacin, and norfloxacin, and 2ϫ the MIC of levofloxacin. No mutant strain was obtained by selection with 2ϫ the MIC or higher concentrations of gatifloxacin, although a mutant could be obtained by selection with 1ϫ the MIC of gatifloxacin.
In S. pneumoniae, the gyrA and gyrB genes encode the GyrA and GyrB subunits of DNA gyrase, respectively, and the parC and parE genes encode the ParC and ParE subunits of topo IV, respectively. To amplify those gene fragments including the quinolone resistance-determining region (QRDR) that correspond to the QRDRs of the E. coli gyrA and gyrB genes (19, 20) , each pair of primers (sense and antisense primers) was synthesized as described by Pan et al. (13) . The gene fragments were amplified by 25 PCR cycles with the genomic DNA of S. pneumoniae strains as templates. The PCR-amplified gene fragments were sequenced with 5Ј-biotinylated primers (5Ј-A AATCTGCTCGTATTACAGGGGATG-3Ј; nucleotide positions 187 to 211 of the gyrA gene [1] ; 5Ј-CAGGGAAACTAG CAGACTGTTCTTC-3Ј, positions 1238 to 1262 of the gyrB gene [12] ; 5Ј-GACAAGAGCTACCGTAAGTCGGCCAAG-3Ј, positions 166 to 192 of the parC gene [12] ; 5Ј-CAGCCCA ATCTAAGAATCCTGCTAAG-3Ј, positions 1253 to 1278 of the parE gene [12] ) by direct cycle sequencing (3).
Three mutants obtained by selection with each fluoroquinolone except gatifloxacin were randomly chosen and then analyzed. Only one mutant was obtained by selection with 1ϫ the MIC of gatifloxacin, and it was also analyzed. Two types of mutants were obtained by selection with trovafloxacin; one of these formed smaller colonies than the parent and the other mutants. Therefore, these two types of trovafloxacin-resistant mutants were analyzed.
The MICs of the fluoroquinolones and the target-gene mutations for the mutant strains are presented in Table 2 . Three types of mutants (types I to III) were obtained. Type I consisted of mutants selected with trovafloxacin, levofloxacin, cip-rofloxacin, and norfloxacin. This type of mutant possessed single-point mutations in the QRDR of the parC gene and was cross-resistant to the selecting agents but was not resistant to gatifloxacin and sparfloxacin. The decreases in the activities of trovafloxacin, norfloxacin, ciprofloxacin, and levofloxacin against these parC mutants were four-, four-, four-, and twofold, respectively.
The second type of mutant (type II) comprised strains selected by gatifloxacin or sparfloxacin. These mutants possessed single-point mutations in the QRDR of the gyrA gene and were cross-resistant to the selecting agents but were not resistant to the other fluoroquinolones tested. The decreases in the activities of gatifloxacin and sparfloxacin against the gyrA mutants were two-and eightfold, respectively. This decrease in the activity of sparfloxacin against the gyrA mutants corresponds with those reported by Pan and Fisher (14) .
The third type of mutant (type III) comprised those mutants selected with trovafloxacin. The mutants possessed no mutation in the QRDR of the target genes (gyrA, gyrB, parC, and parE). These mutants were resistant to trovafloxacin and sparfloxacin and formed colonies that were smaller than those of the parent and the other mutant strains. Some investigators have reported on quinolone-resistant mutant strains of S. pneumoniae that possess no mutation in the QRDRs of the gyrA, gyrB, parC, and/or parE genes, which suggests that these particular strains are permeability (efflux) mutants (2, 12, 13, 15, 16) , one of which is cross-resistant to ethidium bromide (2). However, the type III mutants obtained in this study showed no change in susceptibility to ethidium bromide (data not shown). Further studies are necessary to analyze the mechanisms of quinolone resistance of the type III mutant strains.
Pan and Fisher (14) have reported that the mutants that possess the gyrA and parC mutations were obtained from wildtype S. pneumoniae by selection with sparfloxacin and ciprofloxacin, respectively (14) . These gyrA and parC mutants were not resistant to ciprofloxacin and sparfloxacin, respectively (14) . It was hypothesized from these results that the primary targets of sparfloxacin and ciprofloxacin are DNA gyrase and topo IV, respectively, in wild-type S. pneumoniae. Gootz et al. (8) have also reported that the parC mutants selected by ciprofloxacin are resistant not only to ciprofloxacin but also to trovafloxacin. These results suggest that the primary target of ciprofloxacin and trovafloxacin is likely topo IV. Regarding the target-altered resistant mutants, our results support the hypothesis and indicate that the primary targets of gatifloxacin and sparfloxacin are DNA gyrase; in addition, the primary target of trovafloxacin, levofloxacin, ciprofloxacin, and norfloxacin is topo IV in wild-type S. pneumoniae.
In S. aureus, sparfloxacin and gatifloxacin prevented the selection of quinolone-resistant grlA (parC) mutants (7, 18) . The decreases in the activities of those fluoroquinolones against the grlA mutants were slight. These results suggest that a The mutants were selected on the plates containing the selecting agents after at least a 48 h of incubation at 37°C. On the other hand, the MICs were defined as the lowest concentrations at which no visible growth was observed after incubation at 37°C for 18 to 20 h. None of the strains possessed mutations in the QRDR of gyrB and parE genes. Abbreviations: Gat, gatifloxacin; Spa, sparfloxacin; Tro, trovafloxacin; Lev, levofloxacin; Nor, norfloxacin; Cip, ciprofloxacin. agents such as sparfloxacin and gatifloxacin inhibit both DNA gyrase and topo IV at nearly the same levels (7) . In this study, we showed that gatifloxacin selected mutants of S. pneumoniae at a lower frequency. Also, gatifloxacin had a slight decrease in activity (twofold) against the gyrA mutants. These observations might further suggest that gatifloxacin inhibits both wild-type DNA gyrase and topo IV at nearly the same levels in S. pneumoniae. Recently, Zhao et al. (21) have reported that fluoroquinolones with a substituted methoxy moiety at the C-8 position of the quinoline ring select quinolone-resistant mutants less frequently. Gatifloxacin also possesses a methoxy moiety at the C-8 position (9), which may explain why it prevents selection of the resistant mutants.
Since penicillin-resistant S. pneumoniae is prevalent worldwide in clinical settings, the use of classes of antibiotics other than ␤-lactam antibiotics, such as antipneumococcal fluoroquinolones and especially those that select for resistant mutants less frequently, will be necessary. Our observations, together with additional studies on the target enzymes, should provide us with the necessary information to develop potent antipneumococcal fluoroquinolones that prevent the selection of resistant strains of S. pneumoniae.
